In cerebral ischemia, the relative importance of the various pathophysiological mechanisms con tributing to the manifestation and possible persis tence of a functional deficit is not clear and may differ from that in other organs. This results in part from the exceptional sensitivity to a deficit in ox ygen delivery of brain tissue, but also from the pe culiarities with respect to structure, regulatory re sponses, and permeability characteristics of the ce rebral vasculature. Furthermore, the resulting functional deficit is brought about not only by the ischemia as such, but also by secondary phe nomena such as edema, hemorrhagic infarction, and increased intracranial pressure. In addition, the occurrence of a "no-reflow phenomenon" or of "delayed postocclusive hypoperfusion" represents a particularly relevant situation in the brain (Hoss mann et aI. , 1973; Levy et aI. , 1979) .
In the context of cerebrovascular insufficiency or stroke, the importance of hemorheological factors remains controversial, despite a considerable body of discussion in the literature (Humphrey et aI. , 1979; Henriksen et aI. , 1981; Grotta et aI. , 1982; Marshall, 1982; Thomas, 1982; Schmid-Schonbein, 1983; Wood and Kee, 1985) . Some studies suggest only a minor, if any, effect of body rheology on brain perfusion Marshall, 1982, 1985) :
In one experimental study in the dog, normal cere bral blood flow was even found independent of he matocrit (the strongest determinant of blood vis cosity) over a very wide range (Haggendal and Norback, 1966) , although this is not the general finding of studies performed in humans. On the other hand, even the relatively small rheological al-terations that were observed in blood taken from stroke patients have been considered functionally relevant, particularly in manifest cerebrovascular insufficiency (Eisenberg, 1966; Harrison et aI. , 1981; Thomas, 1982; Schmid-Schonbein, 1983; Schneider et aI. , 1986) .
However significant these rheological alterations may be from a statistical viewpoint, it is difficult to evaluate their biological relevance, particularly under "low-flow" conditions, i. e. , in the presence of a small residual flow during incomplete occlu sion or during no-reflow or delayed hypoperfusion. During the low-flow state, driving pressures in the cerebral microcirculation are reduced and vasodila tion presumably occurs because of both myogenic and metabolic mechanisms. Therefore, average shear rates in the cerebral microcirculation are very low. Upon release of an occlusion, the dilated vas cular bed is more or less acutely exposed to high arteriovenous pressure gradients: Tr ansmural pres sures as well as flow and shear rates will therefore be elevated. Both of these conditions are character ized by a loss of vascular control function due to presumably exhausted vasodilatory reserve; hence, blood rheology might play a pivotal role in deter mining the magnitude of flow and thus tissue supply.
According to the general view of the pathophysi ological role of blood rheology, blood flow is lim ited at reduced driving pressures by the increase of "blood viscosity" that occurs at low shear rates. Flow may eventually even come to a complete stop because of the extremely high viscous resistance (Chien, 1969; Wood and Kee, 1985) . These predic tions as well as most of the relevant discussion in the literature represent an extrapolation from re sults of blood viscosity measurements performed in large-scale coaxial viscometers, usually of the cone plate or Couette type. Such measurements show a substantial increase of viscosity upon reduction of shear, which may be extrapolated to a finite "yield shear stress" at which the fluid appears to effec tively turn into a solid (Merrill, 1969) . In accor dance with this observation, flow stoppage due to blood rheology at positive driving pressure was ob served in models of tube flow at a yield shear stress of �O. 1 mPa (Kiesewetter et aI. , 198 1) .
It is, however, important to stress that this gen eral rheological concept represents little more than a working hypothesis that is quite uncertain in view of considerations that relate to (a) the applicability of viscosity values determined by coaxial viscom etry to blood flow in the cerebral circulation, (b) the interpretation of rheological phenomena that occur in microvascular networks but not in viscometers, and (c) the postulated or observed effects of rheo logically oriented therapy on blood flow and func tional deficit in experimental and clinical stroke.
APPLICABILITY OF VISCOMETRIC DATA TO CEREBRAL CIRCULATION
Measurements of blood viscosity, performed in technical viscometers, are extremely valuable tools for the analysis of certain material properties and their relative changes under very specific condi tions of measurement. The latter include a specific geometry of the (mostly coaxial) viscometer, which provides a uniform distribution of shear rates throughout the sample (Fig. 1, top) . Owing to the dimensions of the viscometer gap relative to those of the suspended cells, such measurement of vis cosity is rather insensitive to effects taking place in the suspension at or close to the viscometer walls (Cokelet et aI., 1963) . The obtained measurement therefore largely describes the bulk properties of the suspension under study, as influenced by the micromechanical properties and flow behavior of its constituents.
This measurement is of great interest because it reflects a number of possibly relevant changes in the physicochemical state of the blood cells and the suspending plasma, which may be interpreted in terms of an underlying disease process. However, direct quantitative application of such viscometric data to blood flow in the circulation, particularly in the smaller vessels, is not possible because of the difference in the characteristic geometry and di mensions.
On the one hand, flow in a cylindrical vessel is associated with a velocity profile (Fig. 1, bottom) that does not provide a uniform shear rate throughout; on the contrary, the shear rate is zero in the vessel center and maximum at the vessel top) and in tube flow (bottom). Shear rates are given as ve locity gradients (dv/dr); uniform distribution of shear rates exists in the viscometer gap, but not in the cylindrical tube. In small tubes (or vessels), a marginal layer of suspending fluid with reduced local cell concentration is apparent.
wall. Therefore, the flowing blood is subjected to a distribution of shear rates across the vascular cross section, and cells in the vessel center will experi ence different flow conditions compared with those closer to the vessel wall. Usually, the ratio of average velocity divided by the vessel diameter (u = v/d) is chosen as a characteristic parameter. In the case of a Newtonian fluid (with parabolic ve locity profile), this value corresponds to one-eighth of the wall shear rate.
On the other hand, the diameters of arteriolar blood vessels in which most of the resistance occurs (even in the fully dilated state such as during perfusion insufficiency) are not infinitely large compared with the dimensions of the red cells (as the viscometer gap would be). Therefore, the wall exclusion effect will be noticeable in reducing the cell concentration in the marginal flow regions where most of the shear occurs. This effect is sig nificantly reinforced by the tendency of the defor mable red cells to migrate toward the vessel axis ( Fig. 2A) in the nonuniform shear field present (Bayliss, 1959; Goldsmith, 1968) ; the width of the resulting cell-poor layer close to the wall is there fore a determining factor of the viscous resistance encountered. Since the contribution of this layer to apparent blood viscosity is so different in a coaxial viscometer compared to a perfused blood vessel, the effect of any alteration of blood rheology will also be significantly different in these two flow situ ations.
There are a number of experimental observations by which this aspect is obviated: The apparent vis cosity of a blood sample determined in tube flow is only the same as that in a coaxial viscometer as long as the tube diameter is sufficiently large rela tive to that of the red cells. However, reduction of tube or vessel diameter to less than � 300 /-lm leads to progressive reduction of viscosity (Fahraeus and Lindqvist, 193 1) . In quantitative terms, the viscous resistance of flow in a tube of �300 /-lm increases by � 300% if red cells are added to the plasma to give a normal hematocrit; by contrast, this increase of resistance is only � 15-25% in a tube of � 10-20 /-lm (Gaehtgens, 1980) . This so-called Fahraeus Lindqvist effect (Fahraeus and Lindqvist, 193 1; Barbee and Cokelet, 197 1a; Gaehtgens, 1980) therefore explains the fact that apparent blood vis cosity in the living circulation is significantly lower and less hematocrit dependent than in the coaxial viscometer (Whittaker and Winton, 1933; Skovborg et aI., 1968; Djojosugito et aI. , 1970; Gaehtgens and Uekermann, 1973; Gustafsson et aI. , 198 1b) .
Therefore, the quantitative comparison between viscometric results and, e. g. , changes of cerebral blood flow is not appropriate. Such comparison suggests a direct relationship between these param eters that simply cannot be expected to exist. The apparent presence or absence of a correlation be tween viscosity changes and blood flow changes should therefore not lead to erroneous conclusions.
RHEOLOGICAL CHARACTERISTICS OF MICROCIRCULATORY FLOW
In microvessels with characteristic diameters similar to those of the blood cells, the physical con cept of continuum flow in the sense of straightfor ward Poiseuillean hemodynamics is no longer appli cable; therefore, the term "viscosity," which refers to a macroscopic material property, must be used with caution. Owing to the hemodynamic and geo metric conditions in the microcirculation, a number of rheological phenomena are therefore observed that contribute to flow resistance but are not re flected in a viscometric measurement. Among these, partition of red cells and plasma plays a prominent role.
As already mentioned, such partition occurs within a single vessel cross section ( Fig. 2A) , thus leading to nonuniform radial cell distribution and reduction of dynamic hematocrit (Fahraeus, 1928; Barbee and Cokelet, 197 1b; Albrecht et aI. , 1979) and therefore of the effective viscous resistance. This phenomenon is significantly enhanced in the presence of intensified red cell aggregation ten dency (Gaehtgens et aI., 1978) , which causes the central red cell core in the vessel to condense and the marginal plasma sleeve to widen ( Fig. 2A) . As a consequence, viscous resistance is further reduced rather than increased as suggested by coaxial vis cometry. While most of the discussion of in vivo rheology since the work of Fahraeus (1928 Fahraeus ( , 1929 has been misled by the numerous reports of coaxial viscometry, recent measurements in tube flow (Fig.  3) clearly show that an increase of viscous resis tance at low shear rates occurs only as a result of an artifact caused by sedimentation in horizontal tubes (Reinke et aI. , 1986a) . If this artifact is elimi nated by using vertical tubes for viscometry, reduc tion of shear rates as well as enhancement of red cell aggregation lead to a reduction rather than ele vation of low shear viscosity (Reinke et aI. , 1986b) . Clearly, a new evaluation of the in vivo effects of blood rheology at low flow and in the presence of enhanced red cell aggregation is required; conse quently, pathophysiological concepts may have to be redesigned to assess the circulatory relevance of enhanced aggregation tendency found in the blood from patients suffering from various forms of cere brovascular insufficiency. On the other hand, red cell and plasma partition also occurs at the numerous consecutive branch points within the network of microvessels (Klitzman and Johnson, 1982) , and this leads to considerable nonuniformity of cell concentrations (Fig. 2B) , red cell flux, and transit times (Ro senblum, 1970 (Ro senblum, , 1971 within the vascular net work. Although a significant effect of intensified red cell aggregation on overall flow resistance has not been observed (Dickmans et aI. , 197 1; Gus tafsson et aI., 198 1a) , an increased nonuniformity of microvascular perfusion was shown (Rosenblum, 1970, 197 1-72) , and functionally significant conse quences may result from the associated dispersion of local O2 transport capacity within the microcir culation. However, none of these functionally rele vant events are quantitatively predictable from vis cometry, which can even result in qualitatively mis leading conclusions.
These considerations can also be extended to discuss the possible effects, in the cerebral circula tion, of changes of plasma viscosity. This is of con siderable interest in view of the cerebral sympto matology seen in paraproteinemic patients; here, the dysproteinemia obviously leads to significant mi crocirculatory disturbances (Somer, 1975) , al though plasma viscosity is known to exert only a minor effect on apparent whole-blood viscosity (Begg and Hearns, 1966; Chien et aI. , 1966) , com-J Cereh Blood Flow Merah, Vol. 7. No.3. 1987 pared, for instance, to changes of hematocrit. Also, experimental studies have demonstrated substantial alterations of microflow and its distribution in the pial microcirculation in macroglobulemic animals (Rosenblum, 1971-72) . Equal elevations of in vitro whole-blood viscosity brought about by elevation of hematocrit or plasma viscosity obviously have significantly different clinical effects. The greater importance of plasma viscosity in vivo is, of course, a consequence of the Fahraeus-Lindqvist effect, which reduces the contribution of the red cells to viscous resistance in the smallest blood vessels; plasma viscosity, on the other hand, is a direct determinant of capillary blood flow.
This conclusion shows that the relative impor tance of the contributing determinants of "blood viscosity" is not necessarily the same in the cere bral microcirculation and in the viscometric mea surement. It is therefore quite possible that blood flow and "viscosity" do not correlate. An example of such discrepancy can be seen in the report of Brown and Marshall (1982) , who showed no change of cerebral blood flow in spite of a decrease of blood viscosity following plasmapheresis. The ob served decrease of plasma viscosity was obviously effective in lowering in vitro blood viscosity; the reduction of red cell aggregation (which was not separately measured but is most likely to have oc curred) may have prevented an increase in total blood flow. In the viscometer, reduction of red cell aggregation reduces low shear viscosity (which was quite pronounced in the data reported), whereas in the microcirculation it may, in fact, increase flow resistance.
In view of these complex relationships, the con sequences of alterations in blood rheological prop erties of stroke patients remain obviously uncer tain. Observed in vitro blood "viscosity" changes may not mean much in terms of microcirculatory resistance to flow and tissue O2 supply, which is, in addition, much more dependent on local distribu tion of plasma and red cell fluxes besides total flow.
EFFECT OF INDUCED ALTERA nON OF BLOOD RHEOLOGY
In this situation, it is useful to also evaluate the observed clinical effects of therapeutic manipula tion of blood rheology to possibly obtain insight into the relevance of blood flow properties in stroke. Unfortunately, none of the rheological pa rameters that have been found altered in stroke pa tients can be exclusively modified by therapy. However, therapeutic alterations of fibrinogen level (and thus reduction of plasma viscosity and red cell aggregation) and of systemic hematocrit have been particularly advocated.
In a number of studies (one uncontrolled, one controlled) on the effect of intentional hemodilu tion, positive clinical results have been reported (Gottstein and Held, 1969; Strand et aI. , 1984) , and these have been explained by the relationship be tween hematocrit and viscosity (Gottstein et aI. , 1972) , which would predict an increase of flow (Heiss et aI. , 1972; Paulson et aI. , 1973; Wood et aI. , 1981) upon hemodilution. According to several studies, hemodilution is not associated with tissue hypoxia, and a fall of O2 delivery is not encoun tered (Paulson et aI. , 1973; Borgstrom et aI. , 1975; Fan et aI. , 1980) . On the other hand, a failure to achieve clinical improvement following hemodilu tion has also been reported (Spudis et aI. , 1973; As plund, 1986) , and cerebral blood flow has been claimed to be rather unaffected by changes of blood viscosity (Haggendal and Norback, 1966; Thomas, 1982; Marshall, 1982, 1985) . Experi mental studies (Chan et aI. , 1983) have shown no significant effect of even drastic hemodilution on tissue P02 in both normal and ischemic brain tissue. Thus, the expectations related to the clinical effect of changes in hematocrit and all associated rheolog ical phenomena may warrant special discussion.
Relatively few quantitative measurements, in humans, of cerebral blood flow as a function of he matocrit are available in the literature. In summary, these data show an approximately linear relation ship within the range investigated (Fig. 4, bottom) , which can be used to estimate an "optimal hemato crit" at which O2 delivery to the brain reaches a maximum (Gaehtgens et aI. , 1979) . Because of the linear relationship between hematocrit, hemoglobin concentration, and O2 content at 100% O2 satura tion, the optimal hematocrit is obtained as
where b is the slope of the observed relationship between blood flow and hematocrit and Q p is its in tercept with the flow axis (or the flow rate at zero hematocrit). The slope of the regression line shown in Fig. 4 (bottom) for the brain is very similar to that obtained in other nondilated tissues. As shown by the curve in Fig. 4 (top) , analysis of the available data indicates that a hematocrit of �0.42 is optimal in terms of cerebral O2 delivery. Thus, hemodilution below the physiological hemat ocrit level would reduce overall tissue O2 supply. Hemodilution would, however, be useful if the sys temic hematocrit were higher than normal; hemato crits of ?50 vol% are encountered more frequently in patients suffering from cerebrovascular insuffi ciency (Harrison et aI. , 1981) . Since this conclusion is based on the calculation of arterial O2 delivery, it does not take into account the possibility of com pensatory alteration of O2 extraction from the blood. Therefore, a hematocrit of less (or more) than the "optimal value" can well be tolerable, if this extraction reserve is still available (Haggendal and Norback, 1966) . These conclusions are valid only for the normal brain, but may not apply to the hypoperfused tissue in the stroke patients that represent the principal targets of therapy. However, it is likely that in such focal regions the optimal hematocrit is even higher than the normal hematocrit level. The effects on flow rate of hematocrit changes are significantly smaller in the presence of maximal vasodilation, in-dicating that the presence of vasodilatory reserve is of great importance for the compensation of re duced arterial O2 capacity (Borgstrom et aI. , 1975; Gaehtgens et aI. , 1979) : The slope of the flow-he matocrit relationship is therefore much reduced in the dilated tissue. This conclusion also agrees with experimental findings showing that the effect of he matocrit changes correlates inversely with initial cerebral O2 extraction (Hudak et ai. , 1986) . It is therefore conceivable that in the hypoxic or hypo perfused tissue as well as during postocclusive hy peremia, in which dilatation is presumably maximal and no vasodilatory reserve available, HoP! is shifted to a level above the physiological range. If this is true, even hypoperfused brain tissue will not benefit from intentional hematocrit reduction as far as arterial O2 delivery is concerned. Direct mea surements of tissue P02 in both normal and isch emic tissue indirectly confirm this conclusion (Chan et aI., 1983) by showing that there is no sig nificant improvement of even the left-shifted P02 histogram following hemodilution.
These considerations may indicate that a positive effect on O2 delivery of hemodilution to subnormal hematocrits should not be expected to occur, par ticularly in the tissue region affected by the isch emic incident. If, therefore, clinical evidence in favor of significantly improved function after he modilution is presented, this cannot alone be inter preted by the direct influence of altered blood rhe ology on oxygen delivery to the brain. Additional factors could be more prominently involved: (a) possible effects of increased perfusion on throm boembolic phenomena through platelet aggregation and adhesion as well as an interference with local coagulation processes; (b) osmotic effects on local edema (depending on the plasma expander used); (c) enhanced elimination of cytotoxic and/or edema-mediating compounds. It is, however, too early to speculate about these possible explana tions, as long as the clinical evaluation of hemodi lution in stroke is so very controversial.
SUMMARY
In summary, these considerations show that the hemodynamic role of blood rheology in cerebrovas cular insufficiency or stroke is still not clear. How ever, the arguments and data presented allow some conclusions that are of practical and theoretical value in the process leading to further clarification:
Changes of blood viscosity as determined by coaxial viscometry cannot be used to predict quan titatively the changes of cerebral blood flow occur ring. It is likely that characteristic rheological phe-J Cereb Blood Flow Metab, Vol. 7, No. 3, 1987 nomena such as red cell aggregation and deforma bility, plasma viscosity, and protein composition are more important for the rheological aspects of microcirculatory supply function than is reflected by their contribution to macroscopic viscosity of the blood. Further studies of blood rheology in stroke should therefore certainly include quantifi cation of those rheological properties that are more closely related to the in vivo flow behavior of blood and thus the magnitude and distribution of flow in the cerebral microcirculation.
